Some spectra of Pseudomonas cytochrome oxidase are reported, both for comparison with those of other workers and to illustrate the differences between the ascorbate-and dithionite-reduced forms of the enzyme. A spectrum of the reduced enzyme-CO complex, prepared in the absence of added reductants by incubation under CO, is also included.
Pseudomonas cytochrome c oxidase (ferrocytochrome c551-02 oxidoreductase, EC 1.9.3.2) is a dimeric protein, mol.wt. 120000 (Kuronen & Ellfolk, 1972; Gudat et al., 1973) , composed of two identical subunits each containing one c haem and one d, haem (Kuronen & Ellfolk, 1972; Kuronen et al., 1975) , the latter being the autoxidizable component. The enzyme functions in terminal electron transfer of cells of Pseudomonas aeruginosa grown anaerobically in the presence of nitrate, and is capable of catalysing the four-electron reduction of 02 to water (Horio et al., 1958) and the one-electron reduction of NO2-to NO (Yamanaka et al., 1961) . The latter is considered to be the more important function physiologically. For both oxidase and nitrite reductase activities, either the haem protein Pseudomonas cytochrome c551 or the copper protein Pseudomonas azurin may act as electron donor to the Pseudomonas cytochrome oxidase. In common with other terminal oxidases, Pseudomonas cytochrome oxidase binds the classical respiratory inhibitors, the oxidase activity of the enzyme being inhibited by both CN-and CO, whereas the nitrite reductase activity, although strongly inhibited in the presence of CN-, is unaffected by CO (Yamanaka et al., 1961) .
In this paper we report some properties of Pseudomonas cytochrome oxidase, as isolated in this laboratory (Parr et al., 1976) , and compare these properties with the results obtained by other workers. We also present data on the oxidation of Pseudomonas ferro- Vol. 157 cytochrome c55, and reduced Pseudomonas azurin by Pseudomonas cytochrome oxidase obtained from steady-state kinetic studies.
Materials and Methods
All chemicals were obtained from Fisons, Loughborough, Leics., U.K., and were of analytical reagent grade, except for sodium dithionite, which was a gift from Hardman and Holden, Miles Platting, Manchester, U.K., ascorbic acid (disodium salt) from Sigma (London) Chemical Co., Kingston-uponThames, Surrey, U.K., and quinol from BDH Chemicals, Poole, Dorset, U.K. Sephadex G-25 (coarse grade) was obtained from Pharmacia (G.B.) Ltd., London W.5, U.K., and Ampholine ampholytes, pH range 6-8, from LKB Instruments, South Croydon, Surrey, U.K. CO and N2 gases were obtained from the British Oxygen Co., Deer Park Road, London S.W.19, U.K., and were dispensed from cylinders and stored in glass vessels over an alkaline solution of anthraquinonesulphonate.
Pseudomonas cytochrome oxidase, Pseudomonas cytochrome c55, and Pseudomonas azurin were isolated as described by Parr et al. (1976) . The concentrations of these proteins were determined by using the following extinction coefficients: E = 3.5 x 103 litre-mol-l cm-l at 625nm for oxidized Pseudomonas azurin (Brill et al., 1968) , e = 149 x 103 litre mol-h cm-' for oxidized Pseudomonas cyto-chrome oxidase at 410nM (Horio et al., 1961a ) and e = 28.3 x 103 litre mol-1 -cm-at 551 nm for reduced Pseudomonas cytochrome c551 (Horio et al., 1960) .
Spectrophotometry was carried out by using either a Cary 118c or a Unicam SP500 series 2 spectrophotometer, the latter being equipped with a logarithmic converter coupled to a Bryans Southern Instruments 28000 chart recorder.
The oxidase activity of Pseudomonias cytochrome oxidase was measured either by the rate of 02 uptake in a Rank Brothers oxygen electrode system linked to an Esterline Angus chart recorder with a 0-1 mV full-scale deflexion, or by the spectral changes associated with the oxidation of the protein substrates. Nitrite reductase activity was always measured by the spectrophotometric method. Pseudomonas ferrocytochrome c551 and reduced Pseudomonas azurin were prepared immediately before use by the addition of a few grains of sodium dithionite to the oxidized protein followed by removal of excess of dithionite and its oxidation products by means of a Sephadex G-25 column (25 cmx 1.25cm) .
Anaerobic spectra were recorded under N2 or CO (after several cycles of evacuation and N2 equilibration) of Thunberg cuvettes which were sealed with Suba-Seal vaccine caps. Ultracentrifugation was carried out in 0.2M-ammonium phosphate buffer, pH7.0, in a Beckman model E analytical ultracentrifuge equipped with a mechanical speed control and a rotor temperatureindicating system. A type AnD rotor was used together with a schlieren optical system. The rotor temperature was controlled at 20°C and the operating speed was 42040rev./min.
Isoelectric-point determinations were made by the method of isoelectric focusing at 600V and 0.5 mA by using an LKB type 8101 1 lOml column maintained at 4°C. pH measurements were performed after a run lasting 72h by using an E.I.L. model 23A pH-meter The enzyme concentration was 8.9pM and the spectra were recorded at room temperature (20°C), under N2, in a Thunberg cuvette with a light-path of 1cm.
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equipped with a Russell pH limited CMT microelectrode.
Results Spectralproperties Fig. 1 shows the spectra of oxidized and anaerobic ascorbate-reduced Pseudomonas cytochrome oxidase. The oxidized spectrum exhibits absorption maxima in the visible region at 41 1 and 640nm, with shoulders at 360, 525 and 561 nm. The absorption maxima for the ascorbate-reduced enzyme are at 418, 460, 522, 549, 553 and 655nm with a shoulder at 625nm. A corresponding reduced spectrum produced by anaerobic reduction with sodium dithionite is shown in Fig. 2 . The two reduced spectra (Figs. I and 2) are similar, except that, in the presence of dithionite, the a band of the haem di centred at 655nm in the ascorbate-reduced enzyme, is shifted to 625 nm, with a concomitant decrease in the 460nm band. This -, Oxidized Pseudononas cytochrome oxidase; ----, dithionite-reduced Pseudomonas cytochrome oxidase, in 0.04M-potassium phosphate buffer, pH6.9. The enzyme concentration was 8 flM and the spectra were recorded at room temperature (20°C), under N2 in a Thunberg cuvette with a light-path of 1 cm. The sample volume was 3 ml and the reduction was carried out by allowing 19mg of sodium dithionite, placed in a side arm of the cuvette before degassing, to dissolve in the solution.
Vol. 157 effect of dithionite results from binding of sulphur oxy-anions to the reduced haem d1 (Parr et a., 1974) .
In common with mammalian cytochrome oxidase , incubation of oxidized anaerobic Pseudononas cytochrome oxidase under an atmosphere of CO, produced, over a period of approximately 2h, the reduced-enzyme-CO complex, despite the absence of added reducing agents. Under these conditions, however, and in contrast with the mammalian oxidase, both haem components of the Pseudomonas cytochrome oxidase become reduced. Fig. 3 shows a spectrum of the reduced enzyme-CO complex generated as described and is identical with that of the ascorbate reduced enzyme-CO complex in the visible region (Parr et al., 1975) . Additionally it is possible, by this method, to obtain a reduced spectrum in the u.v. region, the major feature ofwhich is the shift of the 3 band of the haem c from 360nm in the oxidized enzyme to 317nm in the reduced protein.
The u.v. spectrum of the reduced protein is not normally observable because of the high absorption exhibited by standard reducing agents in this region.
Generalproperties
Velocity sedimentation of Pseudomonas cytochrome oxidase (6.2mg/ml) in the analytical ultracentrifuge gave a single peak of material with a sedimentation coefficient (s2o.w) of 7.5S. This value is in close agreement with that obtained by Kuronen & Ellfolk (1972) . The isoelectric point of the protein at 4°C as measured after 72h of isoelectric focusing, was 6.9. This value is more consistent with the behaviour ofPseudomonas cytochrome oxidase in ion-exchange chromatography than the value of 5.8 measured by Horio et al. (1961a,b Wavelength (nim) Fig. 3 . Absorption spectra ofoxidized and CO-reduced Pseudomonas cytochrome oxidase --, Oxidized Pesudonwnas cytochrome oxidase under N2; ----, reduced Pseudomonas cytochrome oxidase-CO complex formed after 2 h incubation under 1 atm of CO, in 0.04M-potassium phosphate buffer, pH 6.9. The enzyme concentration was 9.5 pM and the spectra were recorded at room temperature (20°C) -in a Thunberg cuvette of path-length 1 cm. The sample volume was 3 ml.
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two chenical substrates, sodium ascorbate and hydroquinone, as electron donors in the reduction of both oxygen and nitrite. Fig. 4 shows the Lineweaver.-Burk plots for sodium ascorbate and quinol in the enzymecatalysed redultion of 02 from which the KEm values at pH6.4 and 30°C of 4 and 30mm rspectively were derived. Fig. 5(a) shows a typical reaction trace for the aerobic oxidation of Pseudomonas ferrocytochrome c5 l in -the presence of Pseudomionas cytochrome oxidase. It can 'be seen that the rate of reaction decreases rapidly with time. Such behaviour can occur as a result of product inhibition in which the affinity of the enzyme for, the product is greater than that for the substrate (Phlo & Selwyn, 1973 the oxidation of reduced Pseudomonas azurin by oxidized Pseudomonas azurin is shown in Fig. 6(b) , from which a value for the Ki of 4.94AM was obtained.
The K1 of Pseudomonas ferricytochrome c551 was estimated to be 1-2pM, but it was difficult to determine an accurate value because the high affinity led to inaccuracies in the measurements of initial reaction rates.
In all the steady-state kinetic experiments cited above the reduced protein substrates were prepared as described in the Materials and Methods section. However, Gudat etal. (1973) haveused an assay system in which Pseudomonas cytochrome c551 is reduced by the addition of a few grains of solid sodium dithionite, excess of reducing agent being removed by gently shaking the solution for a few minutes in air. In view ofprevious observations (Parr et al., 1974) on the effects of certain sulphur oxy-anions on the spectrum of ascorbate-reduced Pseudomonas cytochrome oxidase, the oxidation of Pseudomonas ferrocytochrome c551 was followed by the method described by Gudat et al. (1973) and also by the method described above in which the oxidation products of dithionite are removed by filtration chromatography. Fig. 7(a) shows that the presence of dithionite oxidation products inhibits the rate of aerobic oxidation of Pseudomonas ferrocytochrome c551 by Pseudomonas cytochrome oxidase. Conversely, the nitrite reductase activity of Pseudomonas cytochrome oxidase exhibits a slight enhancement when dithionite is present (Fig. 7b) . The oxidase and nitrite reductase activities of the enzyme are similarly affected by sodium metabisulphite. Discussion chrome oxidase exhibited a similar reaction profile due to inhibition resulting from the production of oxidized azurin. Both Pseudomonas ferricytochrome c551 and oxidized azurin were also inhibitory when nitrite was used as an electron acceptor under anaerobic conditions. A Lineweaver-Burk plot for the aerobic oxidation of Pseudomonas ferrocytochrome c551 (Fig. 5b ) yielded a Km of 5.6pM and a Vmax. of 168 mol of ferrocytochrome c551 oxidized/min per mol of Pseudomonas cytochrome oxidase at pH7.0 and 30°C. The corresponding plot for reduced Pseudomonas azurin is shown in Fig. 6(a) Since the initial isolation and purification of Pseudomonas cytochrome oxidase (Horio et at., 1961a) , several different procedures for purifying the enzyme have been devised (Newton, 1969; Kuronen & Ellfolk, 1972; Gudat et al., 1973) , mainly because of difficulties in reproducing the original work of Horio et al. (1961a) . Indeed, it has since beconme apparent that there are certain discrepancies between the properties of Pseudomonas cytochrome oxidase as originally purified and those of the enzyme prepared by the more recent isolation procedures. Our values of sedimentation coefficient and isoelectric point tend to confirm the results of the later workers (Kuronen & Ellfolk, 1972; Gudat et al., 1973) , which indicate that Pseudomonas cytochrome oxidase exists as a dimeric protein containing four haem groups per 120000mol.wt.
The spectral properties ofPseudomonas cytochrome oxidase reported here are similar to those described by previous workers (Yamanaka & Okunuki, 1963; Gudat et al., 1973) (Lemberg & Barrett, 1972) (Brill et al., 1968; Horio et al., 1961b) .
That certain oxy-anions of sulphur, including the oxidation products of dithionite, affect the steadystate oxidation kinetics of Pseudomonas cytochrome oxidase is, perhaps, not surprising in view of previous observations on the spectral changes which those reagents exert on the ascorbate-reduced enzyme (Parr et al., 1974) . The differential behaviour of the sulphur oxy-anions towards the oxidase and nitrite reductase activities seem to reinforce the hypothesis that oxygen and nitrite react with different enzymic sites. However, the slight enhancement in nitrite reductase activity appears not to be consistent with S02-and NO2-ions occupying the same site.
Sodium metabisulphite, in concentrations that from known binding constants would not compete directly with CO, causes a significant decrease in the rate of CO recombination as observed after flash photolysis (Parr et al., 1974) and presumably this effect on the reduced enzyme is also manifested in the inhibition of oxidase activity. Clearly, at present, it is difficult to reconcile the variable affects of the inhibitors (CO, CN-and SO2r) towards the oxidase and nitrite reductase activities of Pseudomonas cytochrome oxidase and further work is necessary to resolve this problem.
